SYNOPSIS Eleven cardiac operations are reported in which there was electroencephalographic and/or clinical evidence of seizure activity during cardiopulmonary bypass (CPB). In four patients seizure activity appeared after acute episodes of cerebral ischaemia resulting from either hypotension or pump-generated emboli occurring at the beginning of CPB, or from air embolism occurring at the end of CPB when the myocardium was closed and defibrillated. In the remaining seven patients the seizures appeared to result from the synergistic action of a toxic substance in the perfusate with pre-existing or CPB-induced alterations in cerebral physiology.
While numerous reports have appeared over the last 15 years documenting the depression of electrocortical activity which frequently accompanies cardiopulmonary bypass (CPB) (Theye et al., 1957; Silverstein et al., 1960; Lorenz and Hehrlein, 1970) , excitatory or epileptiform electroencephalographic (EEG) activity associated with CPB has rarely been observed. The lack of data on epileptic phenomena during CPB may partly reflect the relative infrequency with which the intraoperative EEG is recorded and the use of neuromuscular blocking agents during CPB which would mask any clinical manifestations of seizures. Although probably very rare, seizure activity during CPB is of clinical importance inasmuch as it represents a potentially fatal complication of open-heart surgery. The dangers of having a violent motor seizure during a critical portion of the surgical procedure are obvious. Even if complete neuromuscular blockade is present at the time that electrical seizure activity initially develops, the later unmasking of motor convulsions as the muscle relaxants wear off could pose an unallowable circulatory stress (Storm van Leeuwen et al., 1961) . The possibilities of progression to status epilepticus (Seamans et al., 1968; Radvanyi et al., 1970) or of 'consumption anoxia' of the cerebral cortex resulting from the greatly increased oxygen demands of the discharging neurones (Davies and 181 Remond, 1947; Meyer and Waltz, 1961) further suggest the desirability of controlling even a purely electrographic seizure during CPB. The present study investigates the electroencephalographic and clinical circumstances of a number of epileptic seizures occurring during extracorporeal circulation in an attempt to elucidate underlying mechanisms and appropriate therapy of these phenomena and their possible relevance to clinical epilepsy.
METHOD
Eleven electrographic seizures during CPB are reported which occurred in a combined series of 280 patients undergoing cardiac surgery with CPB at our hospitals between 1965 and (Jasper, 1958) . EEG data were recorded continuously on paper with an 8 or 16 channel electroencephalograph and, in some cases, were also recorded on magnetic tape with a frequency-modulation tape recorder. To relate the evolution of seizure activity to circulatory changes, four-second epochs of taped EEG data were subjected to power spectral analysis and these power spectra were vertically compressed and plotted against arterial and venous pressures, as described in detail elsewhere (Stockard et al., 1972) .
RESULTS
Data for the 11 patients having seizures during CPB are summarized in the Table. The patients' age ranged from 5 to 55 years with a mean of 27 ± 5-8 (SEM), which is representative of the larger population from which they were drawn. The distribution of the various types of operations within the seizure group also paralleled that of the series as a whole.
As can be seen in the Table, there was a highly significant association of seizure activity with the use of the membrane oxygenator, a relationship which will be further discussed. Although each of the three types of oxygenator was employed for approximately one-third of the total number of cases, nine of the seizures occurred while using the membrane oxygenator, two while using the bubble oxygenator, and none while using the disc oxygenator. The average time elapsed between the commencement of CPB and the onset of seizure activity was less than five minutes for the two seizures occurring with the bubble oxygenator (cases 1 and 2) and over two and a half hours for six of the nine seizures (cases 6-11) occurring with the membrane oxygenator; the other three seizures occurring with the membrane oxygenator (cases 4-6) did so at the end of CPB as the aorta was unclamped and the heart defibrillated. These statistics alone suggest that different mechanisms were involved.
The development of electrographic seizure activity at the beginning of CPB with the bubble oxygenator appeared to be related to sudden drops in cerebral perfusion pressure occurring at that time. The precipitous fall in systemic arterial pressure (SAP) in these and several other cases with the bubble oxygenator resulted Time progresses vertically at the rate indicated at left and EEG frequency is on the X-axis. Peak heights in the CSA are proportional to the EEG power expressed at those frequencies. The establishment of full extracorporeal perfusion is indicated by the loss ofpulsatility of the arterial pressure tracing 2-5 minutes into the tracing. The subsequent fall in arterial pressure to 35 mmHg was accompanied by a rise in jugular venous pressure to 30 mmHg. The EEG amplitude decreased to 2-5 ,u V at this time followed by the appearance of 2-25 Hz sharp waves which gradually increased in frequency and amplitude. The heart was fibrillated 5 minutes after the onset offull perfusion and thus no ECG artefact was seen after that point (minute 8). Calibration= 20 FV, I second. F4-C4 = right fronto-central derivation.
from the haemodilutional effect of going on bypass and the consequent fall in vascular resistance (from the Poiseuille-Hagen relationship). In both cases 1 and 2, a simultaneous rise in jugular venous pressure (JVP) to above 30 mmHg reduced the effective cerebral perfusion pressure to less than 10 mmHg. In case 1, this resulted initially in the reduction of EEG amplitude to less than 5 ,uV, as seen at the bottom of Fig. 1 . Within several minutes, repetitive sharp waves developed which increased in frequency and amplitude and evolved into continuous 4 Hz negative spike activity. Ten milligrams of diazepam were given intravenously 15 minutes later and a reduction in the seizure activity was noted (Fig. 2) . The seizure discharges in this patient originated bifrontally and spread posteriorly to involve the central parasagittal channels. This is of particular interest in view of the marked medial bifrontal slowing in the preoperative EEG of this patient (Fig. 3) One minute after achievement of full bypass, the alpha activity suddenly disappeared (column 2) followed seconds later by the appearance ofhigh-voltage delta activity in channels 4-6 (not shown). Also not shown is the increase in frequency of the discharges to 6 Hz which occurred 7 minutes after the commencement of CPB (Fig. 4) (Fig. 7) . Twenty seconds after defibrillation, bilateral flattening of the EEG occurred which, after 40 seconds, was interrupted by a 30 second burst of spike activity. A second 30 second burst of spiking followed a brief interlude of electrical silence. The post-ictal record ,aphic seizure in was dominated by low-voltage 8-9 Hz activity, ia activity. Four although paroxysmal 150 ,V slow discharges minute intervals were recorded from the right hemisphere, as ement of CPB shown in Fig. 7 . Postoperatively, the right-sided discharges from EEG abnormality persisted, although there were er by a reduction no permanent neurological deficits. In this case, CSA). Note synergistic action of anoxia and a toxic substance in the perfusate. This patient, who had not received penicillin or any other common allergen, developed severe generalized urticaria immediately after CPB. Furthermore, this particular patient was perfused at a time when a defective membrane was being employed in the oxygenator. Six other patients (cases 6-11) had electrographic and/or clinical evidence of seizure activity during CPB in the relatively short time (six months) during which this membrane was used.
In these six patients, the seizures occurred in the middle two-thirds of the CPB procedure during haemodynamically stable periods in which the aorta was cross-clamped and no drugs which cross the blood-brain barrier were administered. The membrane being used in these cases was composed of a silicone elastomer, dimethylpolysiloxane (DMPSO). It was later discovered that, during vulcanization, this DMPSO membrane had been subjected to approximately twice the intended temperature for over twice as long as specified. In these conditions, it is likely that pyrolysis products of DMPSO were produced which may later have been released into the perfusate during CPB. The widespread urticaria (similar to that in case 5) which was seen after CPB in the two of these patients with the longest perfusion times supports the hypothesis that some toxic substance had accumulated in these patients during CPB. The progressive increase in epileptiform EEG activity during CPB that was seen in all six patients also suggests that the evolution of seizure activity was dose-related to some aspect of the perfusion.
Electrographic seizure activity was not seen in several other cases in which this same membrane was used during CPB. This selective occurrence of electrographic seizures in six patients may be explained by the increased exposure of these patients to the putative epileptogen as well as by pre-existing alterations in cerebral physiology which might have predisposed to seizures in several of the patients. The average duration of perfusion in the seizure patients was 156 minutes, almost twice as long as the average perfusion for patients without seizures for whom the same oxygenator was used. Furthermore, the onset of seizure activity did not occur until after an average of 146 minutes of perfusion, long after normal circulation had been restored in the average patient not having electrographic seizures.
In addition, the preoperative neurological status or EEG of three of the seizure patients (cases 6, 7, 8) suggested that a lowered seizure threshold might be present. Two of these were children with congenital cardiac defects of the cyanotic type who had abnormal preoperative EEGs. One (case 6) had a history of seizures and an epileptic sister. The third of these patients (case 8) was suffering from severe azotaemia and was obtunded before operation; the pre-bypass EEG in this case was virtually isoelectric.
There were no permanent neurological deficits in any of the four surviving patients having these presumably toxic seizures during CPB. One patient (case 9) manifested psychiatric disturbances postoperatively which were most severe in the first postoperative week and improved thereafter. This complication is more probably attributable to the extremely long perfusion in this case (4-5 hours) in which there was a high degree of haemolysis (30 mg/100 ml. rise in free haemoglobin per hour) during CPB. Two of the six patients (cases 8, 10) died intraoperatively from cardiovascular causes and neuropathological studies revealed no abnormalities at either gross or microscopic levels. In each case, examination of the brains under polarized light was negative.
Clinical manifestations of seizure activity, consisting of facial twitching and clonic contractions of both arms, were seen in two patients (cases 6 and 7) who were incompletely curarized.
DISCUSSION
From an EEG standpoint, the most interesting feature of the anoxic seizures in this series was the rapidity with which spike activity appeared in the EEG after the ischaemic insult. With regard to convulsions resulting from anoxia, Gastaut et al. (1958) have emphasized the distinction between tonic brain-stem release phenomena (associated with slowing or flattening of the EEG) and true epileptic seizures with spike discharges in the EEG. The convulsive phenomena which sometimes immediately follow episodes of cerebral anoxia are classically included in the former category and it is generally considered that authentic epileptic seizures are a later response. Although the bulk of animal research supports this contention, there have been several reports of epileptiform EEG changes as an acute manifestation of cerebral anoxia in patients undergoing open-heart surgery. Arfel et al. (1961) reported a patient with a normal preoperative EEG in whom 6 Hz rolandic spikes developed concomitantly with a rise in central venous pressure to 30 mmHg during CPB. The rise in venous pressure occurred at a time when the mean arterial pressure was 80 mmHg and thus represents a reduction in effective cerebral perfusion pressure to approximately 50 mmHg. This is the cerebral perfusion pressure at which the more conventional EEG changes of cerebral ischaemia-slowing or flattening-have most frequently been observed (Kavan et al., 1959; Van Bergen et al., 1964; Juneja et al., 1972) . Radvanyi et al. (1969) reported the development of spike activity 16 minutes after defibrillation in a case of probable cerebral embolism during open-heart surgery. High-amplitude spiking was recorded 20 minutes after a post-defibrillation embolus by Arfel (1967) . The post-embolic spike activity in this case followed phases of initial slowing and flattening (15 seconds after defibrillation), recovery of frequency and amplitude (three minutes after) and high-voltage slowing (12 minutes after). In studies of experimental cerebral embolism in dogs, Masland and Netsky (1961) recorded unilateral repetitive sharp waves 37 minutes after the injection of barium sulphate into the ipsilateral internal carotid artery. The electrographic seizures observed in cases 1-4 also suggest that epileptiform EEG changes can occur as an acute response to cerebral anoxia, although, in each of these cases, the brain was also being subjected to the irritating effects of extracorporeal perfusion.
When considering the total number of patients in the series, however, spike discharges or repetitive sharp waves were recorded in only a small fraction (< 50 ) of the patients in whom ischaemic episodes occurred. The usual EEG response in these cases was bilateral slowing or flattening with hypotension (Stockard et al., 1973) and unilateral (usually right-sided) slowing and flattening immediately after defibrillation (Stockard and Schauble, unpublished data) .
Spike activity may conceivably have been related to hypotension in case 1 in which it appeared bilaterally in the same channels in which there had been a severe focal EEG abnormality preoperatively which was compatible with prior embolic damage in the distribution of the anterior cerebral arteries. As pointed out by Lorenz and Hehrlein (1970) , focal anoxia-such as may have been manifested by spike activity in this casecan result from a lowering of the systemic blood pressure which causes cerebrovascular insufficiency in a previously damaged area. The precipitation of generalized epileptiform EEG changes by hypotension has been reported before by Lawrence (1966) who observed an 'epileptic' patient with a normal interictal EEG who had grand mal seizures accompanied by 1,000 ,V spikes every time her systolic blood pressure fell below 80 mmHg. The patient had no subsequent seizures after long-term elevation of her blood pressure with a therapeutic regimen of mephentermine and phenylephrine. The role of hypotensive ischaemia in case 1 is purely speculative, however, and focal irritation of a previously damaged area by the perfusate or by microemboli is a more likely explanation ofthe findings in this case.
The origin of the epileptiform activity in case 2 is not clear because, although it appeared in association with a profound reduction in cerebral perfusion pressure, it developed unilaterally before spreading to the opposite hemisphere. In this case in which there was no clinical evidence of seizure activity (the patient was completely curarized) and in which the EEG abnormality was so unusual, it was important to rule out the possibility of pulsation artefact produced by the heart-lung machine as was reported by Wright et al. (1972) . This was done by observing the independence of extracorporeal flow rate (and thus pulsation rate) from the frequency of the EEG discharges. The topographical spread of discharges from a focus, the suppression of epileptiform activity with diazepam, and the final disappearance of the activity under the same bypass conditions in which it had arisen, all indicate that the activity was of cerebral origin.
The pattern of the seizures occurring in cases 6-11 suggests that they resulted from cumulative exposure of the central nervous system to a potential epileptogen in the perfusate, one pos-sibly extracted from the overcured DMPSO membrane. Dimethylpolysiloxane (DMPSO) fluid is capable of damaging nervous tissue (Mukai, 1971) but its relative toxicity to the central nervous system has been shown to be minimal (Hine et al., 1969) ; furthermore, DMPSO rubber (of which the membrane was composed) is not neurotoxic when in direct contact with brain or peripheral nervous tissue (Ames, 1967; Hayes, 1967, 1968; Weiss and Raskind, 1969) . Therefore, it is likely that the epileptogen in these cases was not DMPSO itselfbut a pyrolysis product of DMPSO which was extracted from the overcured membrane during perfusion. Indeed, it has been demonstrated that the extractable content of DMPSO rubber increases as it is overcured (Carmen and Kahn, 1969) , although the byproducts formed by such overcuring have not been characterized.
Cardiopulmonary bypass has been shown to increase the permeability of the blood-brain barrier (Hodges et al., 1958) and it is possible that a breakdown of the blood-brain barrier was critical to the epileptogenicity of the putative DMPSO derivative, just as it is critical to the epileptogenicity of penicillin during CPB (Seamans et al., 1968) . In case 5, in which the duration of perfusion was only 45 minutes, seizure activity was not seen until after the probable air embolization of the right hemisphere after defibrillation. It is possible that this anoxic accident increased the permeability of the bloodbrain barrier to the DMPSO derivative, thus precipitating seizure activity. By the same mechanism, air embolism has been shown to precipitate seizures in animals previously infused with the potential epileptogen, penicillin (Dobell et al., 1966) .
No seizures of the type reported in cases 6-11 occurred after the defective membrane was replaced with a properly vulcanized membrane. In addition to replacement of the membrane, certain other changes in surgical procedure and perfusion technique were made as a result of the EEG abnormalities reported in this study; these included lowering of the patient's head before defibrillation and use of higher extracorporeal perfusion pressures. Since these changes were made, EEGs have been monitored in over 400 patients undergoing CPB and no epileptiform activity has been observed. 
